Cockayne syndrome (CS) is a human autosomal recessive disorder characterized by many neurological and developmental abnormalities. CS cells are defective in the transcription coupled repair (TCR) pathway that removes DNA damage from the transcribed strand of active genes. The individuals suering from CS do not generally develop cancer but show increased neurodegeneration. Two genetic complementation groups (CS-A and CS-B) have been identi®ed. The lack of cancer formation in CS may be due to selective elimination of cells containing DNA damage by a suicidal pathway. In this study, we have evaluated the role of the CSB gene in UV induced apoptosis in human and hamster cells. The hamster cell line UV61 carries a mutation in the homolog of the human CSB gene. We show that both human CS-B and hamster UV61 cells display increased apoptotic response following UV exposure compared with normal cells. The increased sensitivity of UV61 cells to apoptosis is complemented by the transfection of the wild type human CSB gene. In order to determine which functional domain of the CSB gene participates in the apoptotic pathway, we constructed stable cell lines with dierent CSB domain disruptions. UV61 cells were stably transfected with the human CSB cDNA containing a point mutation in the highly conserved glutamic acid residue in ATPase motif II. This cell line (UV61/ pc3.1-CSBE646Q) showed the same increased apoptosis as the UV61 cells. In contrast, cells containing a deletion in the acidic domain at the N-terminal end of the CSB protein had no eect on apoptosis. This indicates that the integrity of the ATPase domain of CSB protein is critical for preventing the UV induced apoptotic pathway. In primary human CS-B cells, the induction and stabilization of the p53 protein seems to correlate with their increased apoptotic potential. In contrast, no change in the level of either p53 or activation of mdm2 protein by p53 was observed in hamster UV61 cells after UV exposure. This suggests that the CSB dependent apoptotic pathway can occur independently of the transactivation potential of p53 in hamster cells.
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Introduction
Living cells are continuously exposed to a variety of endogenous and exogenous agents that in¯ict damage in DNA. Nucleotide excision repair (NER) is one of the major cellular pathways that maintains the genomic integrity by removing helix distorting, bulky DNA adducts. The dramatic consequences of defective NER are re¯ected in human hereditary diseases such as xeroderma pigmentosum (XP) and Cockayne syndrome (CS). Studies on DNA repair in speci®c genes revealed that the CS cells are defective in the preferential repair of the transcribed strand of active genes known as transcription coupled repair' (TCR). The TCR pathway is responsible for the cellular resistance to UV irradiation as well as the early resumption of transcription after DNA damage (Friedberg, 1996) .
A characteristic feature of CS cells is the lack of RNA synthesis recovery after UV damage (Mayne and Lehmann, 1982) . The CSB gene was originally cloned by its ability to complement the RNA synthesis inhibition in the hamster CS-B mutant cell line UV61 (isolated from the repair pro®cient parental cell line AA8) (Troelstra et al., 1992) . Gene speci®c repair studies have demonstrated that the human CSB gene corrects the TCR defect in the hamster CSB homolog UV61 (Orren et al., 1996) . Hence, the hamster CS-B cells are very useful for assessing the functions of CSB gene. Furthermore, the human CSB gene, identi®ed by cross complementation of the hamster UV61 cells, complements the UV sensitivity and RNA synthesis inhibition in the SV40 immortalized human CS-B cell line CSIAN.S3.G2 (Troelstra et al., 1990) .
CS cells are more prone to undergo UV induced apoptosis than normal human cells (Ljungman and Zhang, 1996) . It was also observed that p53 protein accumulates after UV exposure (Ljungman and Zhang, 1996) . They suggested that the signal for p53 accumulation was the blockage of RNA polymerase II at unrepaired UV induced pyrimidine dimers in the transcribed strand of active genes (Ljungman and Zhang, 1996) . The increased apoptosis in CS-B cells was therefore linked to the defect in TCR. However, it was not investigated whether the increased apoptosis was primarily due to a mutation in the CSB gene rather than some secondary de®ciency in the CS-B cells.
It has become apparent that the CSB protein participates in pathways other than TCR. Besides a role in DNA repair, the CSB protein is involved in basal transcription (Balajee et al., 1997) , and interacts with RNA polymerase II (Van Gool et al., 1997) . The CSB protein is a DNA-stimulated ATPase, but fails to exhibit DNA unwinding activity as measured by the conven-tional strand displacement assay (Selby and Sancar, 1997; Tantin et al., 1997) . It is quite possible that CSB plays a role in chromatin remodeling as has been suggested for other members of this family of proteins such as the SWI/SNF complex (Pazin and Kadonga, 1997) . The role of ATP hydrolysis in the diverse functions of these proteins in chromatin regulation, stability and repair is still not clear. Recent studies have suggested that the DNA stimulated ATPase activity of CSB protein is important for its interaction with RNA polymerase II (Tantin et al., 1997) and for its function in the TCR pathway (Brosh et al., 1999) .
To gain insight into the role of the CSB protein in the apoptotic pathway, we have directly assessed the role of this gene product and the speci®c functional domains of the protein in UV-induced apoptosis. In order to determine whether the ATPase activity of CSB protein is important for modulating the UV induced apoptosis response, we generated a UV61 cell line stably transfected with human CSB cDNA containing a point mutation in the highly conserved glutamic acid residue in the ATPase motif II. In addition to the ATPase domain, CSB contains a negatively charged region located in the amino terminus before the ATPase/helicase motifs. Approximately 60% of the residues in a 39 amino acid stretch are acidic. Acidic domains are found in a number of nuclear proteins which associate with chromatin or histones suggesting that this domain may play a role in chromatin remodeling or transcriptional activation (Lapeyre et al., 1987; Ptashne, 1988) . To determine the functional importance of this domain, we generated a cell line in which ten consecutive acidic residues, 377 ± 386, have been deleted from the CSB protein. Figure 1 shows the constructs, described in Materials and methods.
We show that both human and hamster CS-B cells are more prone to undergo apoptosis than normal cells after UV irradiation. Transfection of UV61 cells with the wild type CSB gene, but not the ATPase point mutant, protects the cells from apoptosis. This demonstrates the requirement of a functional CSB product with an intact ATPase activity in modulating the UV induced apoptotic response. The cells containing a large deletion of the acidic domain of CSB do not show any increase in apoptotic cell death, indicating that this domain is not involved in the regulation of apoptosis.
An important aspect of the apoptotic response is the role of the tumor suppressor protein p53. The relative roles of the CSB and p53 proteins in UV induced apoptosis are unclear. In addition to the characterization of the CSB function, we also studied the induction and transactivation potential of p53 in mediating apoptosis in human and hamster cells. In contrast to the human cells, p53 is not up-regulated after DNA damage in the hamster cells, and it does not have the transactivation role seen in the primary human cells. Thus, the CSB protein is involved in an apoptotic pathway in hamster cells, which can be independent of the transactivation potential of p53.
Results

UV induced apoptosis in CS-B cells
Human primary ®broblast cells were irradiated with UV to determine their apoptotic response. The control and UV treated cells were stained with¯uorescein diacetate (FDA) and propidium iodide (PI) to examine the apoptotic cell death 48 h after UV irradiation. FDA stains only the cytoplasm and nucleus of viable cells. The necrotic and apoptotic cells are stained with PI, which requires the loss of cytoplasmic and nuclear membrane integrity. For both human and hamster cell lines, approximately 2000 randomly chosen cells were microscopically analysed for apoptosis and the images were captured using a confocal microscope. Cells stained with PI, displayed the fragmented chromatin characteristic of apoptotic cells. There were very few apoptotic and necrotic cells stained with PI among the unirradiated and UV exposed normal human cells (Figure 2a ). In contrast, 30 ± 40% of CS-B cells were stained with PI indicating apoptotic and necrotic cells at all UV doses tested (Figure 2b ). We next examined the apoptotic potential in hamster UV61 cells, which carry a mutation in the hamster CSB gene homolog and are de®cient in TCR of active genes. Apoptosis was analysed in genetically related hamster cell lines. AA8 is the wild type parental cell line from which the hamster homolog of CS-B, UV61, was isolated. PT5 is the UV61 cell line transfected with the human CSB gene. The cells were irradiated with a UV dose of 6 J/ m 2 and stained with¯uorescent dyes after 24 h. The PI stained red cells were less than 1% of total in both the control and UV treated AA8 cells (Figure 3a , six out of 2000 cells). However, UV61 cells showed increased apoptosis (48%) and were very sensitive to killing by UV. The apoptotic cell death was greatly diminished in the PT5 cells and only *5% of the cells were stained with PI ( Figure 3a ). This suggests that the normal CSB gene can restore the cellular resistance to UV. Figure 1 Site-directed mutations introduced in the ATPase motif II and the acidic region of CSB. The CSB protein contains the ATPase/helicase motifs conserved in superfamily 2 (SF2) as well as a negatively charged domain in which 22 of 39 residues are acidic (56%). The E646Q mutation in CSB changes the highly conserved glutamic acid in ATPase motif II to glutamine (CSBE646Q). The AC377 mutation deletes ten consecutive acidic residues (378 ± 387) from the CSB protein (CSBAC377)
We next examined the apoptotic death after UV exposure in hamster cell lines stably transfected with either wild type or mutant CSB gene. Increased apoptosis (58%) was observed in UV61 cells transfected wit the vector alone (UV61/pc3.1) (Figure 3b ). The increased apoptotic response was fully restored to that seen in AA8 cells in the UV61 cells transfected with the wild type CSB gene (UV61/pc3.1-CSBwt) (Figure 3b ). In the mutant with ATPase domain knockout (UV61/pc3.1-CSBE646Q) there was as extensive apoptotic death (65%) as with the vector alone (UV61/pc3.1) (58%). In the cell line with acidic domain knockout (UV61/pc3.1-CSBAC377) PI stained cells were extremely infrequent (51%), as in the parental (Figure 4a ). Transfection of UV61 cells with the normal CSB gene (PT5) complemented the increased apoptotic degradation of DNA. UV61 cell lines transfected with either wild-type or mutant CSB gene were irradiated with 6 and 12 J/m 2 of UV. DNA was isolated from the cells 28 h after UV irradiation. There was DNA fragmentation in the ATPase domain knockout cells (UV61/pc3.1-CSBE676Q) (Figure 4b ). The degree of ladder formation was similar in the ATPase domain mutant and in the UV61 cells transfected with vector alone (pc3.1). In the mutant containing a deletion in the acidic domain there was no DNA ladder formation (data not shown).
Genetic complementation of survival, DNA, and RNA synthesis by the human CSB gene
We next investigated the UV sensitivity, DNA and RNA synthesis recovery in AA8, UV61 and PT5 cells ( Figure 5 ). As has been reported earlier, UV61 cells were extremely sensitive to UV irradiation (Figure 5a) and were unable to recover DNA replication ( Figure  5b ) and transcription ( Figure 5c ) after UV treatment. The transcription inhibition was also observed in the NER de®cient cell line UV5. After transfection of the UV61 cells with the CSB gene, all these defects were restored to the levels observed in wild type AA8 cells. (Figure 5a ± c). These results clearly indicate that the increased apoptotic cell death in CS-B cells is due to the loss of CSB gene function.
Induction of apoptosis by RNA polymerase II inhibition
Both¯uorescence staining and DNA ladder analysis clearly showed that the UV61 cells rapidly undergo A B Figure 4 Agarose gel electrophoretic analysis of DNA degradation in Chinese hamster cells following UV irradiation. Cells in exponential growth were treated with UV at 6 J/m 2 and the genomic DNA was isolated from the cells at dierent post UV incubation times. Ten mg of DNA was loaded onto a neutral 1.5% agarose gel to determine the nucleosome-like degradation pattern characteristic of apoptotic cell death. Cell lines were irradiated with 6 and 12 J/m 2 of UV and the genomic DNA was isolated 28 h after UV irradiation. (a) AA8, wild type; UV61, hamster CS-B and PT5, UV61 complemented with the normal CSB gene. (b) UV61/pc3.1, UV61 with vector alone; UV61/pc3.1-CSB wt, UV61 with the normal CSB gene; UV61/pc3.1-CSBE646Q, ATPase domain knockout Figure 5 The CSB gene complements the UV sensitivity as well as the resumption of RNA and DNA synthesis in UV61 cells. AA8, UV61 and PT5 cells were irradiated with UV and the clonogenic survival was estimated by methylene blue staining of viable colonies (a). For DNA replication (b) and RNA synthesis (c), Chinese hamster cells were prelabeled with 14 C-thymidine (0.02 mCi/ml) for 2 days. The cells were UV irradiated (6 J/m 2 ) and pulsed for 30 min at dierent incubation times either with 3 H-thymidine (DNA synthesis) or 3 H-uridine (RNA synthesis). After the pulse labeling, the cells were scraped o and lysed with SDS and proteinase K. TCA precipitable counts were determined by scintillation counting. Bars indicate s.e.m. of three independent experiments apoptosis following UV irradiation. UV61 cells are unable to resume DNA replication and transcription even 24 h after UV treatment (Figure 5b,c) . In order to determine the relative importance of transcription and replication for the induction of apoptosis, repair pro®cient AA8 cells were treated either with aphidicolin (inhibitor of DNA polymerases a and d) or aamanitin (inhibitor of RNA polymerase II) for 24 h. Apoptosis was then analysed by both¯uorescence staining and DNA ladder analysis. The eect of inhibitors on transcription and replication was measured by pulse labeling of control and treated AA8 cells for 1 h with either 3 H-uridine (transcription) or 3 H-thymidine (DNA replication). In a-amanitin treated cells, RNA synthesis was reduced to 40% of that observed in untreated cells (Figure 6a) . Aphidicolin, an inhibitor of DNA polymerases a and d, reduced the DNA synthesis to 22% of that in the untreated cells (Figure 6b ). Although both DNA replication and transcription processes were inhibited, apoptotic cell death as judged by DNA degradation was observed only in the a-amanitin treated AA8 cells and not in the cells treated with aphidicolin ( Figure 6c ). These results demonstrate that transcription inhibition is more important than DNA replication inhibition for eliciting an apoptotic response in hamster cells. It seems likely that the failure to resume transcription after DNA damage is responsible for triggering the apoptotic response in UV61 cells.
Immunoblot analysis of p53, mdm2, bax and p21 proteins in UV treated cells
We report that both human CS-B cells and the corresponding hamster UV61 cells show enhanced level of apoptosis following UV irradiation. In order to examine whether UV triggers the transcriptional activation of p53, p53 induction was analysed in both human and hamster cells as a function of UV dose. Normal and CS-B primary ®broblast cells were irradiated with UV (10 and 20 J/m 2 ) and the nuclear distribution of p53 was analysed 24 h later by . The cells were lysed and the TCA precipitable counts were scintillation counted as described in Materials and methods. Bars indicate s.e.m. of three independent experiments. The genomic DNA was isolated and the DNA was analysed by agarose gel electrophoresis for DNA degradation (c) immuno¯uorescence analysis using antibody to p53. The p53 level was not detectable in control cells. There was a noticeable dierence between normal and human CS-B cells regarding the intensity of p53 induced by 10 J/m 2 of UV treatment. In CS-B cells, the p53 staining was much more intense at 10 J/m 2 than in the normal cells (Figure 7) . In contrast to human cells, hamster AA8 and UV61 cells displayed abundant mutant p53 in unirradiated cells and this p53 level did not change much after UV treatment (data not shown).
In addition to the immuno¯uorescence studies, the p53 protein level was also measured by Western analysis. The comparison between human normal and CS-B cells is shown in Figure 8 . In the normal human cells, induction of p53 was not detected up to a dose of 5 J/m 2 UV, whereas the p53 upregulation was readily detectable in CS-B cells after a dose of 3 J/m 2 ( Figure  8a,c) . A similar trend was observed when the expression of the p53 dependent mdm2 protein was analysed in CS-B cells (Figure 8b ). In con®rmation with the earlier studies of Yamaizumi and Sugano (1994) , the present study also shows the rapid induction of p53 by very low doses of UV in CS-B cells.
To determine whether other p53 dependent genes are also induced in CS-B, we have analysed the expression of bax and p21 proteins in normal and CS-B cells. In contrast to p53 induction, the level of bax protein was not altered as a function of UV dose in both normal and CS-B cells. In order to con®rm this, the same gel was simultaneously probed with both p53 and bax antibodies (Figure 9 ). Although p53 showed a dose dependent induction as observed earlier, there was no dierence in the level of bax expression in the normal and CS-B cells. p21 was induced only at 20 J/m 2 in normal cells while the CS-B showed p21 induction at 9 and 12 J/m 2 . Thus, the p21 induction correlates with p53 only at high UV doses in CS-B cells.
The induction of p53 was found to be threefold more than that of normal human primary ®broblasts at 24 h after UV and the p53 level persisted up to 72 h post UV treatment. In normal cells, there was only a marginal increase in p53 at 24 h and the p53 level gradually declined after 48 and 72 h of UV treatment (Figure 10a,b) . The induction of p53 was also investigated in hamster cells by Western blot analysis. In contrast to human cells, the constitutive expression of p53 was high in all the three cell lines AA8, UV61 and PT5 cells. The level of p53 was essentially the same in both control and UV treated cells (Figure 11a ). We next examined the level of mdm2 protein, whose expression is dependent upon transcriptional activation of p53. The mdm2 expression was not altered by UV treatment in AA8, UV61 or PT5 cells (Figure 11b ). These observations demonstrate that the UV induced apoptosis occurs via a p53 independent pathway in hamster cells. By using speci®c antibodies that react with either wild type (ab-5) or mutated form (ab-3) of p53, we found that only the mutated form is detected in hamster cells (data not shown).
Discussion
Apoptosis is a genetically controlled suicidal pathway, which can be triggered by DNA damaging agents. The selective elimination of cells that suer from irrepar- Figure 7 Immuno¯uorescence analysis of p53 induction in normal and CS-B ®broblast cells after UV irradiation. Cells in exponential growth phase were irradiated with 10 and 20 J/m 2 of UV-C irradiation and incubated for 6 h. Cells were ®xed in ice cold methanol for 20 min and indirectly immunolabeled for p53 using primary and¯uorescein isothiocyanate (FITC) conjugated secondary antibodies able DNA damage is critical for tumor suppression. The present study demonstrates that the CSB protein, involved in the TCR pathway, plays an important role in mediating the UV induced apoptotic response both in human and hamster cells, independent of their p53 status. The novel ®ndings of this study are: (1) the CSB gene modulates the UV induced apoptotic response in a p53 transactivation independent manner in hamster cells and (2) the ATPase domain of the CSB protein is critical for its anti-apoptotic function. The failure of the ATPase point mutant to complement the defect is not due to lack of expression of the protein. Relative RT ± PCR analysis showed equal levels of CSB expression in the normal and mutated cell lines (Brosh et al., 1999) . Figure 9 Western blot analysis of p53, bax and p21 in normal and CS-B primary ®broblast cells. Cells were irradiated with dierent doses of UV and the total cellular proteins were isolated from cells 24 h after treatment. The proteins were size fractionated on a 4 ± 20% SDS ± PAGE, transferred to PVDF membrane. The membranes were reacted with antibodies to p53, bax and p21 and detected using enhanced chemiluminescence 
Figure 8 Immunoblotting analysis of UV induced p53 (a) and mdm2 (b) protein expression in normal and CS-B primary ®broblast cells. Exponentially growing cells were irradiated with dierent doses of UV and the total cellular proteins were isolated from cells 24 h after UV. (c) Histogram showing the relative induction of p53 in normal and CS-B cells as a function of UV dose
TCR defect correlates with apoptotic response
Both human and hamster CS-B cells are defective in the repair of CPDs from the transcribed strand of active genes, which represents only a small fraction of the whole genome. As far as repair of the overall genome is concerned, the number of damaged sites remaining at a given time after UV irradiation is likely to be the same in both normal and CS-B cells. Nevertheless, CS-B cells are extremely sensitive to UV and are unable to resume transcription after DNA damage. Genetic complementation of both UV sensitivity and transcription inhibition in UV61 cells by the CSB gene clearly illustrates its importance in TCR and in cell survival. In this study, we found a good correlation between the lack of preferential repair of the transcribed strand and the induction of apoptosis in CS-B cells. The similarities observed in human and hamster CS-B cells, in the apoptotic response to UV irradiation, indicate that the lack of TCR leading to the transcription blockage may be the primary trigger for apoptosis. This is in accordance with the recent studies (Ljungman and Zhang, 1996; Ljungman et al., 1999) . The induction of apoptosis in the parental wild type AA8 cells by treatment with a-amanitin (an inhibitor of RNA polymerase II transcription) supports the notion that the transcription inhibition can be a potent inducer of the apoptotic pathway.
A characteristic feature of CS cells is their inability to resume transcription after UV irradiation (Mayne and Lehmann, 1982) . This is presumably due to the TCR defect, which otherwise would remove the transcription blocking lesions resulting in early recovery of transcription. As far as the UV induced lesions are concerned, both the TCR eciency and the transcription recovery seem to be interdependent and the CSB gene is pivotal for both of these processes.
Recent studies (vanOosterwijk et al., 1996) have shown that the CSB gene product is critical for transcription recovery in cells damaged with Nacetoxy-2-acetylamino¯uorene (NA-AAF), although NA-AAF lesions are repaired eciently without any bias towards the transcribed strand of active genes. The lack of RNA synthesis recovery after NA-AAF treatment in CS cells suggests an additional potential role for the CSB gene in resumption of transcription, which is independent of its role in the removal of DNA damage by the TCR pathway. The loss of both TCR activity and the ability to resume transcription after damage in CS-B cells illustrates the importance of the CSB gene in the coordinated regulation of both repair and transcription activities. Earlier studies from our laboratory suggested that the elongation mode of RNA polymerase II transcription may be reduced in CS-B cells and that the transcription apparatus in CS cells might be very sensitive to endogenous DNA damage (Balajee et al., 1997; Dianov et al., 1997) .
The apoptotic response in human CS-B cells is dependent on p53
It has been suggested that the DNA strand breaks induced either directly or indirectly as repair intermediates trigger p53 induction (Kastan et al., 1992) . This pathway involves the ATM gene product, DNA dependent protein kinases (DNA-PK) and poly ADPribose polymerase (PARP; (Wang et al., 1998) ). This apoptotic pathway may be dierent from the one induced by UV irradiation. Recent studies have indicated that failure to remove the transcription blocking lesions constitutes the signal for p53 induction, which then leads to growth arrest and apoptosis in TCR defective human cells (Ljungman and Zhang, 1996; Dumaz et al., 1997; Ohta et al., 1999) . In the present study, human CS-B cells showed a 3 ± 4-fold increase in the induction of p53 as compared to TCR pro®cient normal cells after UV irradiation, and this p53 level was stabilized for 72 h after UV. Yamaizumi and Sugano (1994) determined the correlation between the eciency of TCR and the p53 induction as a Figure 11 Immunoblotting analysis of UV induced p53 (a) and mdm2 (b) protein expression in AA8, UV61 and PT5 cells. Exponentially growing cells were treated with 6 J/m 2 UV and the proteins were isolated from cells at dierent post incubation times. Fifty mg of total cellular protein was fractionated on a 4 ± 20% SDS ± PAGE and transferred to PVDF membrane. The proteins were immunologically detected by enhanced chemiluminescence function of UV dose. p53 induction was observed in both the normal human cells as well as the TCR pro®cient XPC cells only after a UV dose of 8 J/m 2 . On the contrary, XPA cells (defective in both genome overall and TCR pathways) and CS-B cells showed p53 induction after the lower dose of 1 ± 2 J/m 2 of UV. The induction of p53 in totally NER defective XPA cells and in TCR defective CS-B cells indicate that the transcription blockage may be a main trigger for p53 induction (Yamaizumi and Sugano, 1994; McKay et al., 1998) and apoptosis. This is consistent with the ®ndings that inhibitors of RNA polymerase I and II transcription increase the transcriptional activation of p53 and result in apoptosis in primary human ®broblast cells (Chernova et al., 1995; Andera and Wasylyk, 1997) . Attardi et al. (1996) proposed that the transcription regulation is a major mechanism by which p53 can control growth arrest and apoptosis.
Role of the CSB gene in p53 transactivation independent apoptosis in hamster cells By a site directed mutagenesis approach, we demonstrate for the ®rst time that the ATPase binding domain of CSB protein is critical for prevention of the DNA damage induced apoptotic pathway. The notion that the DNA stimulated ATPase activity is pivotal for CSB function in vivo has been supported by a number of recent in vitro studies. In-vitro data suggest that ATP hydrolysis is required for stable quartenary complex formation between RNA polymerase II and the CSB protein (Tantin et al., 1997) . Furthermore, actively elongating RNA pol II complex contains the CSB protein as well as subunits of basal transcription factor TFIIH (Tantin et al., 1997) . Disruption of ATPase activity may abolish the interaction of the CSB protein with RNA polymerase II and possibly with other repair factors, which may be critical for the role of CSB protein in the TCR pathway and in the resumption of transcription.
While a single amino acid substitution in the ATPase domain of CSB greatly aects its anti-apoptotic function, deletion of a large stretch of amino acids in the acidic region does not impair its function. The CSBAC377 mutant is characterized by deletion of 10 consecutive aminoacids in the core of a negatively charged domain of the CSB protein. The unlikely possibility exists that the remaining 11 acidic residues of the region ful®ll the functional requirement of CSB in apoptosis. It is likely that the acidic region plays an important role in other pathways of the CSB protein.
Further characterization is required to determine the functional signi®cance of this highly conserved region.
An earlier study from this laboratory showed that UV-irradiation of repair de®cient UV5 and UV61 cells in late G1 phase causes transient delays, while irradiation in mid S phase results in a prolonged G2 arrest and apoptotic death (Orren et al., 1997) . Both human and hamster CS-B cells show elevated apoptosis in response to UV treatment. However, the p53 status of these two cell types is distinct from one another. p53 is not upregulated in hamster cells whereas induction and stabilization of p53 is UV dose dependent in human cells. Transfection of UV61 cells with the human CSB gene corrects their UV sensitivity, TCR de®ciency and the apoptotic death without any change in the transcriptional activation of p53 and p53 dependent genes. As far as the involvement of the CSB gene in apoptosis is concerned, this work is perhaps the ®rst to demonstrate that the apoptotic signal, elicited by the TCR defect in hamster UV61 cells, can be independent of the transactivation component of p53.
Although the involvement of transcriptional activation of p53 and its target genes like p21, mdm 2 and Bax in apoptosis has been well established, the precise mechanism of this apoptotic pathway is not yet fully understood (Stecca and Gerber, 1998) . The apoptotic response exhibited by a number of immortalized cells and cancer cells with mutated p53 further complicates the understanding of the p53 mediated apoptotic pathway. CHO cells have a mutated p53 and cannot activate transcription of p21 and Bax genes that are involved in G1 arrest and apoptosis (Lee et al., 1994; Miyashita et al., 1995) . The loss of this G1 check point is due to a mutation in p53 gene of CHO cells that changes the amino acid threonine 211 to lysine 211 (Lee et al., 1997) . It was shown that the mutant p53 val 135 accelerates the ionizing radiation induced apoptosis without transcriptional activation of p53 dependent genes (Guillouf et al., 1998) . A similar observation in UV61 cells in this study raises the possibility that the apoptotic component of p53 can be dierentiated from its transcriptional transactivation component.
Materials and methods
Cell lines and culture conditions
All hamster cell lines used in this study and their repair characteristics have been previously described (Mitchell and Nairn, 1989) . AA8 is a repair pro®cient wild type cell line. The UV61 cell line belongs to rodent complementation group 6 and is homologous to human CS-B cells. The UV61 cell line transfected with human CSB gene designated PT5 was received from Dr Jan Hoeijmakers of Erasmus University, Rotterdam, The Netherlands. The UV5 cells belong to rodent complementation group 2 and are mutated in the hamster homolog of the human XPD gene. PT5 cells were selected on the basis of their resistance to UV. AA8, UV61 and PT5 cells were routinely grown in Ham's F10 and Minimal Essential Medium (MEM) (1 : 1) supplemented with serum and antibiotics. UV61 cells transfected with the mammalian expression vector pcDNA3.1 (Invitrogen, abbreviated as pc3.1) alone and with pc3.1 containing the wild type CSB gene are designated as UV61/pc3.1 and UV61/pc3.1-CSBwt, respectively. UV61 cells transfected with the ATPase point mutant of CSB were designated as UV61/pc3.1-CSBE646Q. The UV61 cell line transfected with the acidic deletion were called UV61/pc3.1-CSBAC377. The UV61 transfectant cell lines were grown in media containing 400 mg/ml of geneticin (Gibco BRL). Human primary ®broblasts (Normal-GM38A and CSB-GM0739) were obtained from Corriell Cell Repository, Camden, New Jersey. All ®broblasts were maintained in 26 MEM supplemented with 15% fetal bovine serum and antibiotics.
Construction of pc3.1-CSB mutant and wild type constructs pcBLsSE6, a plasmid containing the entire human CSB cDNA, was kindly provided by Dr Jan Hoeijmakers of Rotterdam University, The Netherlands. Primers used for site directed mutagenesis, sequencing, reverse transcription and PCR were purchased from Gibco BRL. Site directed mutagenesis, using pcBLsSE6, was performed according to the published procedures (Kunkel et al., 1991) . A description of the mutations introduced in the CSB gene is shown in Figure 1 . The oligonucleotide 5'-TTGTGTCCTTGGTCCA-AGATC-3' was used to replace the negatively charged Glu 646 in the CSB protein to a neutral glutamine (E646Q). The oligonucleotide 5'-CTCTGCCCCCTCCACTGTGGGGAA-ATACTC-3' was used to precisely delete ten consecutive acidic residues, 377 ± 386, in the CSB protein (AC377).
The CSB gene, containing the mutant or wild-type sequence, was cloned into the mammalian expression vector pc3.1 (Clonetech) to yield pc3.1-CSB. Brie¯y, pcBLsSE6 was digested to completion with SalI and a 4.7 kb linear DNA fragment containing the entire CSB gene was excised from a 0.8% agarose gel and puri®ed using Gene-Clean II kit (Bio101). pc3.1 was digested with XhoI to completion and the 5.4 kb linear DNA fragment was excised from a 0.8% agarose gel and puri®ed using Gene-Clean II. The 5' phosphates were removed from the linear 5.4 kb DNA fragments using calf intestinal alkaline phosphatase (Boehringer Mannheim) and the 4.7 kb DNA fragment containing the CSB gene was ligated into pc3.1 using Ready to Go T4 DNA ligase (Amersham). Site-directed mutations in the CSB gene in each construct were veri®ed by sequencing. The entire CSB coding region of pc3.1-CSBwt and pc3.1-CSBE646Q was sequenced to verify that the coding sequences of the two plasmids were identical with the exception of the site-speci®c mutation.
Transfection and selection of UV61 stable transfectant cell lines
CsCl-puri®ed pc3.1-CSB plasmids (100 mg) were linearized with PvuI (200 units) at 378C for 16 h. The DNA sample was treated with Proteinase K (200 mg/ml) in 1 M lithium acetate, 0.1% SDS at 508C for 2 h, phenol extracted, and ethanol precipitated. UV61 cells were transfected with pc3.1 and pc3.1-CSB plasmids using liposomes (DOTAP; Boehringer Mannheim) according to manufacturer's procedure. Brie¯y, 250 000 cells were seeded in a 3 cm 2 dish and allowed to grow until 50% con¯uent. To these cells were added 40 mg DOTAP and 10 mg linearized plasmid in 1 ml of media. The cells were incubated with the liposome-DNA mixture for 6 h at 378C. The media was then replaced and cells were then grown for an additional 48 h at 378C. The cells were trypsinized and transferred to a 10 cm 2 dish and geneticin was added to a ®nal concentration of 400 mg/ml for selection of antibiotic resistant cells. After 10 days of selection, the surviving cells were trypsinized and seeded for isolation of clones (50 cells/10 cm 2 dish).
Analysis of CBS expression
To evaluate the expression of intact CSB transcript in isolated clones of UV61 transfectants, RNA was isolated and evaluated by reverse transcription and the polymerase chain reaction (PCR) using CSB-speci®c primers. The ®rst strand synthesis was performed according to (Mallery et al., 1998) with the following modi®cations. RNA was extracted from 10 7 cells using RNA STAT-60 (Tel-Test Inc.) according to manufacturer's protocol. cDNA synthesis was performed by incubating 5 mg of total RNA, 1.5 mg oligo (dT) 12 ± 18 primer (Gibco BRL) and 500 units of Superscript II (Gibco BRL) at 448C for 60 min. Samples were subsequently processed using the manufacturer's recommended procedure for Superscript II. For PCR ampli®cation of cDNA products, ®ve units of AmpliTaq Gold (Perkin Elmer) were used according to manufacturer's procedures. The 4.7 kb cDNA product was ampli®ed as six overlapping fragments ranging in size from approximately 0.6 ± 1.5 kb using primers and annealing conditions previously described (Mallery et al., 1998) . DNA products were veri®ed by electrophoresis on a 1.2% agarose 16TAE gel and analysis by ethidium bromide staining (data not shown). For sequencing, PCR products were puri®ed using QIAquick PCR Puri®cation Kit (Qiagen) and analysed using an ABI automatic sequencer. Comparison of sequence analysis of cDNA obtained from UV61/pc3.1-CSBE646Q or UV61/pc3.1-CSBAC377 with UV61/pc3.1-CSBwt veri®ed the presence of the engineered mutation at the de®ned position (data not shown). The entire cDNA's of UV61/pc3.1-CSBwt and UV61/pc3.1-CSBE646Q were sequenced to verify that the only dierence between the wild type and E646Q mutant CSB genes was the engineered mutation.
Clonogenic survival assay
Chinese hamster cells AA8, UV61 and PT5 were trypsinized and 300 cells were seeded in a 10 cm dish and incubated at 378C overnight. The cells were washed once with PBS, irradiated with 2, 4, 6 and 10 J/m 2 ultraviolet light (254 nm) and were grown for 5 ± 6 days. The cells were then washed once in PBS and ®xed with 70% methanol for 10 min. The ®xed cells were stained with methylene blue for 15 min and washed once in PBS. The blue colonies were counted to determine the clonogenic survival of cells.
Determination of DNA and RNA synthesis after UV irradiation
Hamster cells (AA8, UV61 and PT5) in exponential growth phase were grown in the presence of 14 C-thymidine (0.02 mCi/ ml) for 2 days to uniformly label the DNA. The cells were then irradiated with 6 J/m 2 UV. The cells were pulse labeled either with 5 mCi/ml of 3 H-uridine (RNA synthesis) or 3 Hthymidine (DNA synthesis) for 30 min at dierent incubation times after UV irradiation (3, 6, 9 or 24 h). After pulse labeling, the cells were washed once with ice cold PBS and lysed in TE buer containing 0.5% SDS and 100 mg/ml Proteinase K for 2 h at 378C. Trichloroacetic acid (TCA) was then added to the cell lysate at a ®nal concentration of 10% and the samples were then spotted onto glass ®ber discs (Whatman). The ®lters were sequentially washed in 5% TCA, 70% ethanol and acetone. The TCA precipitable radioactivity was then scintillation counted. In some experiments, cells were pretreated either with aphidicolin (5 mg/ml) or aamanitin (2 mg/ml) for 24 h to determine the eect of these drugs on replication and transcription, respectively.
Detection of UV induced apoptotic cell death by fluorescence staining
A combination of¯uorescein diacetate (FDA; 5 mg/ml) and propidium iodide (PI; 0.5 mg/ml (Sigma)) dyes were used to distinguish the apoptotic and necrotic cells from viable cells. Control and UV treated human and hamster cells at dierent post incubation times were stained with FDA and PI. The cells were then examined in a¯uorescence microscope to determine the proportion of apoptotic cells (typical apoptotic bodies). For both human and hamster cell lines, 2000 cells were randomly chosen and microscopically analysed for apoptosis. The images of viable and apoptotic cells were captured using a confocal microscopy.
Detection of apoptosis by DNA fragmentation
For the detection of DNA degradation by UV irradiation, 2610 6 cells were seeded in a 10 cm dish and the cells were grown for 2 days. Cells were UV irradiated with 6 J/m 2 . The control and UV treated cells were harvested at dierent post incubation times. Both the attached and¯oating cells were collected by centrifugation. The cell pellet was suspended in 2 ml of lysis buer (50 mM Tris pH 8.0, 20 mM EDTA, 150 mM NaCl, 50 mg/ml proteinase K and 0.5% SDS) and incubated for 16 h at 378C. Genomic DNA was isolated by the salt extraction technique of (Miller et al., 1988) . RNA was digested by treatment with DNase free RNase (100 mg/ml for 3 h at 378C) and the DNA was ethanol precipitated and resuspended in TE buer (10 mM Tris, pH 8.0 and 1 mM EDTA). Ten mg of DNA was then electrophoresed on a 1.5% agarose gel. The gel was stained with ethidium bromide (0.5 mg/ml; Boehringer Mannheim) and examined for the presence of nucleosomalsized fragments indicative of apoptosis.
Immunofluorescence staining of p53 in the nuclei of hamster and human cells Cells were grown on glass slides for immuno¯uorescence. The cells were irradiated with UV and incubated for 6 h. The slides were then treated on ice for 8 min with a hypotonic lysis solution containing 10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl 2 , 1 mM PMSF (Sigma) and 0.5% Nonidet P-40. They were then washed once in PBS and ®xed in ice cold ethanol. The slides were washed in PBS containing 0.2% Tween 20 (PBS-Tween) and incubated for 30 min at 378C in PBS containing 5% non fat dried milk (NFDM). The slides were washed in PBS-Tween and incubated for 1 h in 100 ml of mouse anti-p53 MoAb (DO1, Santa Cruz, USA) diluted 1 : 10 in PBS-Tween, 0.5% NFDM. The slides were extensively washed in PBS-Tween and incubated for 1 h with goat antimouse IgG2a conjugated with¯uorescein isothiocyanate (Boehringer Mannheim, USA) diluted 1 : 100 in PBS-Tween-0.5% NFDM. The slides were washed in PBS-Tween, counterstained for DNA with 25 ml of propidium iodide (0.1 mg/ml prepared in Vectashield mounting medium; Vector lab, USA) and covered with a cover glass. The photographs were taken using inverted¯uorescence microscopy (Carl Zeiss) using Kodak 400 ASA ®lm.
Protein extraction, SDS ± PAGE and Western blot analysis
At dierent post-UV incubation times, the irradiated and control cells were lysed for 8 min on ice in RIPA buer. The cell lysates were centrifuged at 3000 r.p.m. for 5 min and the supernatant containing the soluble proteins was recovered. Protein concentration was determined by Pierce protein assay kit. Fifty mg of proteins were fractionated on a 4 ± 20% polyacrylamide gradient gel electrophoresis and blotted onto PVDF membrane (Novex) following the standard protocols (Novex, USA). The membrane was incubated with TBST (20 mM Tris-HCl pH 7.4; 137 mM NaCl; 0.2% Tween 20) buer containing 5% NFDM for 60 min at RT. The membrane was subsequently incubated with mouse monoclonal antibody to p53 (Do 1) or mdm2 (Santacruz, USA; 1 : 1200 dilution in TBST-5% NFDM) for 1 h and washed three times (5 min each) in TBST buer. The membrane was incubated with HRP conjugated anti-mouse IgG antibody (Vector, USA; 1 : 2400 dilution) for 1 h followed by repeated washing in TBST buer. The signal was detected using the enhanced chemiluminescence method (ECL) following the manufacturer's instructions (Amersham, USA). Two antibodies that speci®cally recognize either wild type (ab-5) or mutant (ab-3) forms of p53 were obtained from Oncogene Research.
Abbreviations BER, base excision repair; CS, Cockayne syndrome; NER, nucleotide excision repair; UV, ultraviolet; xp, xeroderma pigmentosum.
